Photonic crystal slab cavities were investigated for increased light-matter interaction based on selective placement of sublattice hole sized defect holes inside L3 cavities. A multiple-hole defect (MHD) consisting of three defect holes placed in the regions of highest cavity mode field intensity were demonstrated through finite-difference timedomain simulations and experiments to exhibit the strongest light-matter interaction without introducing significant scattering losses. Compared to an L3 cavity without defect holes, these strategically designed three-hole MHD cavities presented higher quality factor and more than double the resonance wavelength shift upon exposure to a thin oxide and two small chemical molecules.
Photonic crystal (PhC) microcavities, which are formed by introducing point defects in ordered dielectric lattices, exhibit strong field confinement and have long photon lifetimes. These characteristics give rise to an optical mode with a resonant frequency that is highly sensitive to refractive index perturbations such as small molecules bound to the PhC surface [1] [2] [3] [4] . Surface detection of molecules using PhC cavities is improved by fabricating defects that consist of at least one hole inside the cavity; these "defect holes" increase the available surface area for molecular binding and enable target molecules to be captured in the highest intensity region of the resonant mode, which is located inside the slab [5] [6] . However, introducing defects into the cavity that are relatively large with respect to the PhC lattice holes causes losses due to scattering, resulting in an overall loss in quality factor (Q), and thus a lower detection limit. Therefore, a design that maintains high Q while maximizing the spatial overlap between the cavity mode and target molecules is needed.
In this Letter, we report increased light-matter interaction in air-clad silicon slab L3-type PhC cavities by strategic placement of three high-aspect ratio defect holes at specific locations inside the cavity region, creating a multiple-hole defect (MHD). Recently, we reported an MHD PhC cavity that exhibited an 18% larger resonance shift upon attachment of a surface-bound aminosilane monolayer compared to a traditional L3 cavity without defect holes [7] . Here, we present both simulation and experimental results for significantly improving the sensitivity of MHD PhC cavities, as demonstrated by the response of the cavities to the attachment of oxide and small-molecule monolayers.
Finite-difference time domain (FDTD) calculations were first performed on an L3 cavity without defect holes in order to determine the cavity field profile and identify the desired locations for defect hole placement. A plot of the simulated dielectric function in the L3 cavity is shown in Fig. 1(a) . The lattice constant of the silicon PhC surrounding the cavity is set as a 410 nm, and the diameter of the lattice air holes is d 210 nm. The cavity mode and fields are calculated by placing a narrow frequency-band dipole source inside the cavity, offset from the cavity center by 0.1a in both x and y directions to avoid direct coupling with the resonant mode. As shown in the simulated TE-polarized cavity resonance plotted in Fig. 1(b) , three main regions of high field intensity are present in the electric field distribution of the L3 cavity. A resonance wavelength of λ 1539 nm and intrinsic quality factor Q i 27; 000 for the cavity were calculated by harmonic inversion, which measures the time rate of decay of the cavity fields for each resonant frequency. The simulated Q is intrinsic since no coupling losses are considered in the calculation. PhC cavities with moderate Q are appropriate for sensing applications, as they are not overly sensitive to ambient temperature fluctuations.
To theoretically investigate how the addition and placement of defect holes perturbs the cavity mode and affects the light-matter interaction in the cavity, MHD PhC cavities with three defect holes were simulated using the aforementioned FDTD method. In all designs, the defect hole size is held constant at 60 nm, which is the smallest isolated hole reliably yielded by our fabrication method. The middle defect hole is centered within the L3 cavity due to symmetry considerations, which minimizes scattering losses. The defect holes are arranged in a linear fashion, bisecting the cavity lengthwise. Here, we refer to the lateral spacing of the defect holes as a h , and the diameter of the defect holes as d h . The lateral spacing of the defect holes is increased in 40 nm increments, from a h 100-500 nm, as shown in Fig. 1(c) .
Introduction of the defect holes in the L3 cavity significantly perturbs the cavity resonance wavelength due to the change in dielectric function inside the cavity. As shown in black closed-circle data points Fig. 2(a) , all MHD designs exhibit a blue-shifted resonance wavelength compared to the L3 design without defect holes. The magnitude of the resonance shift depends on the intensity of the modal field at the locations of the defect holes, as visualized in Fig. 1(c) . For example, at the smallest spacing of a h 100 nm, a large degree of spatial overlap between the defect holes and the central intensity peak of the modal field results in a large resonance blue-shift of 19 nm relative to the L3 cavity design. As a h increases and the outer two defect holes move further away from the central intensity peak of the modal field, the degree of spatial overlap first decreases as the holes are placed in the zero intensity points of the cavity mode; correspondingly, the field perturbation is reduced and only a small blue-shift of ∼10 nm results. As the defect hole separation continues to increase, there is an increase in spatial overlap of the holes with the cavity mode as the defect holes begin to coincide with the secondary cavity field intensity peaks. The largest resonance blueshift of 23 nm with respect to the L3 design occurs for the MHD with a h 380 nm. At larger spacing, the degree of perturbation to the cavity mode decreases again as the defect holes reduce their overlap with the peak intensities of the modal field, causing the resonance wavelength to shift back towards the L3 baseline value. The FDTD simulations clearly show that the MHD cavity is most sensitive to index perturbations when the defect holes are placed in the highest intensity regions of the cavity.
For a complete characterization of the light-matter interaction in the MHD cavities, the cavity Q i must also be considered. A maximized Q i is desirable for detecting small surface perturbations, as increasing the duration of temporal interaction between the analyte and cavity fields, as well as improving the corresponding sharpness of the resonance, reduces the detection limit of a sensor. Accordingly, Q i was calculated by FDTD analysis for each MHD design, as shown by the blue open-circle data points in Fig. 2(a) . The trends for Q i do not exactly follow those of the resonance wavelength for the different MHD designs. Although the simulated resonance shift for a h 100 is near maximum, the corresponding Q i is reduced due to the tight proximity of the defect holes interacting with the highest intensity portion of the cavity field. As a h approaches the diameter of the holes themselves, a low-index region is effectively created, which becomes large relative to the lattice holes and perturbs the mode significantly. The maximum value of Q i ∼43; 000 is calculated for the MHD with a h 380 nm, which is the defect hole spacing that exhibits the largest resonance shift and does not suffer from the aforementioned low-index region effect. Here it is noted that several of the MHD designs have a calculated Q i that exceeds that of the L3 cavity with no defect holes (∼27; 000). We propose that this increased Q i is due to a slot waveguide-like effect. It has been previously shown that subwavelength sized, low-index regions in waveguides and cavities can produce a highly concentrated field along the direction of the polarized electric field due to the discontinuity that occurs at high-contrast dielectric interfaces [8] . A plot of the simulated E y -field intensity in the MHD cavity with a h 380 nm, shown in Fig. 2(c) , confirms the presence of the increased intensity in the lowindex region associated with the slot waveguide field profile. In L3 cavities, the inclusion of a narrow air region along the cavity length isolates the cavity mode to the slot, which reduces the mode volume significantly but simultaneously reduces the Q, as shown by Gao et al. [9] . The simulated results for the MHD PhC cavity show for the first time, to our knowledge, an enhancement relative to the intrinsic cavity Q i by selective placement of low refractive index regions in an L3-type cavity. In general, to achieve the highest Q in a resonant cavity, as well as increased surface area for analyte surface-binding and maximized cavity resonance sensitivity to small index perturbation, defect holes should be placed such that the spatial extent of each hole falls completely within each of the highest intensity regions of the modal field in the cavity.
MHD PhC devices with the simulated design parameters were fabricated to experimentally verify the results of the simulations. The structures are comprised of an air-bridge with a patterned lattice of air holes etched into a silicon slab. Comprehensive details of the fabrication are described in [7] . The diameters of the defect holes in all fabricated devices were measured to be d h 58.5 3.5 nm using scanning electron microscope metrology. Devices with lateral spacings of 100 and 140 nm were excluded from the fabricated designs due to the drastic reduction of Q i by 3-4 orders of magnitude seen in simulation for these values of a h . A broadband LED is coupled to the input bus waveguide of each device, and the dropped resonance signal is captured in the transmitted output spectrum using an optical spectrum analyzer (OSA). The measured loaded Q (Q L ) is lower than the simulated Q i due to the losses associated with coupling to the bus W1 waveguide. Q L was determined for all resonances by fitting the measured spectrum to a Lorentzian line shape. The experimental results shown in Fig. 2(b) are in good agreement with the simulations, with a maximum resonance blue-shift of 20 nm and a measured value of Q L 9000 for the MHD design with a h 380 nm. For reference, the measured resonance wavelength and Q L for the comparative L3 cavity without defect holes were λ 1569 nm and ∼1000, respectively. We believe the large difference in theoretical and measured Q for the L3 cavity without defect holes may be due to an incomplete undercut etch. A slight deviation exists in the predicted trend of Q L in the L3 cavity and with different defect hole spacings due to minor imperfections and roughness that arise during the fabrication process. The measurement results confirm the simulated findings that for a PhC with a 410 nm and d 210 nm, a h 380 nm is the optimal defect hole spacing for an L3-cavity MHD design.
It is possible to experimentally explore the sensitivity enhancement of the MHD for sensing applications by attaching thin film monolayers and small chemical molecules to the PhCs. Hence, a 6-nm-thick layer of conformal silicon dioxide was deposited on the structures by utilizing a room-temperature atomic layer deposition (ALD) method [10] . Next, a 0.8-nm-thick monolayer of 3-aminopropyltriethoxysilane (3-APTES) was bound to the oxide layer, following the method described in [11] . Finally, a 1.2-nm-thick linker molecule, sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC), was bound to the amine groups of the 3-APTES [12] , resulting in a surface functionalized for thiolterminated biomolecules.
Transmission spectra were measured before and after each attachment step, and are shown in Fig. 3 for a L3 cavity and an MHD PhC cavity with a h 380 nm. The corresponding resonance wavelength shifts are listed in Table 1 . For both the L3 and MHD cavity structures, the magnitude of the resonance shift after each attachment step correlates to the relative magnitude of the resulting surface perturbation. Assuming a similar refractive index for all added species, the ∼6 nm ALD oxide is expected to produce a larger surface perturbation compared to the thinner ∼1.2 nm sulfo-SMCC monolayer and ∼0.8 nm 3-APTES monolayer. The optimized MHD cavity design with a h 380 nm exhibited a near three-fold larger resonance shift with respect to the L3 cavity following the ALD growth. As the two biomolecules are attached to the ALD oxide in succession, the MHD cavity shows an 80% increase in resonance shift for 3-APTES attachment, and a 40% increase for sulfo-SMCC attachment compared to the L3 cavity. The volume filling of the defect holes and subsequent reduction of available attachment sites after each attachment step likely causes this reduction in sensitivity enhancement. Figure 3 also shows that the measured resonances remain sharp, and hence the Q remains high, throughout all steps in the experiment.
In conclusion, we have demonstrated increased photon lifetimes and improved sensitivity to surface perturbations within L3-type PhC cavities by positioning three sublattice hole sized defect holes at the highest intensity regions of the cavity mode field. Proper placement of these defect holes leads to higher Q cavities that are more sensitive to small index changes compared to traditional L3 cavities without defect holes. Devices utilizing MHD have potential applications in the field of label-free biosensing, where reducing the number of captured molecules necessary for a measurable signal change is critical to improved sensor performance. 
